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Figure 2: Multi-turn injection of -ions

with the shadow effect of the electro-
static septum.

The incoherent tune-shifts were determined experimen-
tally by the excitation of quadrupolar oscillations on the
coasting beam in a time interval of 500ms after injection.
Fig. 3 shows the results, which are in reasonable agree-
ment with the calculated tune-shifts [3]. The measured ver-
tical tune-shift for the coasting beam of should
lead to a tune-shift of about in the RF
capture process. It could be shown that the usual work-
ing point for SIS operation at and ,
which was chosen with respect to resonance extraction at

, is not suitable for high current operation. For
beam intensities beyond neon ions per pulse the
beam losses during RF capture strongly increased. Hence,
it was not possible to capture and accelerate more than

neon ions per pulse. In order to simulate
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Figure 3: Incoherent tune-shift for the coasting
beam at

Figure 4: Resonance chart

the incoherent tune-shift during RF capture the Q-setting
of the machine was deliberately shifted for a low current
beam along an analogue line as indicated in Fig. 4 The
observation of the coasting beam current clearly showed
the effect of the forth order resonance lines, which cross
at (Fig. 5). As a consequence a
new working point at was tested,
which is situated in the tune-diagram comparable to the
PSB working point [4]. Here we succeeded immediately
to accelerate neon ions out of injected
ions. The corresponding ion currents are 36mA at injection
and 110mA on the extraction flat-top. Coherent instabili-
ties were not observed at these intensities. So far higher
injection currents of about 3.5mA for multi-turn injection
of neon ions were not yet available. The measured
tune-shift indicates anyhow that the present intensity limit
for RF-capture and acceleration is about neon ions
per pulse.

Figure 5: Beam losses at -order resonances
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UNILAC and transfer line without any discontinuity. The
development of 90% emittance is shown in Fig. 3.
Emittance growth is obvious in the IH-DTL, mainly in the
vertical plane between gas stripper and charge separation
– caused by a specific beam envelope and the space
charge forces; in the adjacent matching section and the
first Alvarez tanks resulting from the frequency jump and
in the foil stripper only in the vertical plane. The growth
factors from RFQ to SIS are 6.0 in the horizontal and 8.1
in the vertical plane, while the longitudinal emittance
increases by a factor of 15. For low intensities only
angular straggling in the foil stripper is responsible for
vertical emittance growth. Fig. 4 represents the calculated
phase space distribution at RFQ entrance, in the
1.4 MeV/u-charge state separator and at the end of the
transfer channel.

3 MEASUREMENTS OF THE PHASE
SPACE DISTRIBUTION

All the presented measurements were carried out with an
intense argon beam, while the HSI is working at the
design space charge limit. The transverse emittance for
the several energy steps of the HSI (and at 11.4 MeV/u)
was measured exclusively with a slit-grid device for short
pulses. Particularly the RFQ-matching condition of a
double waist at a very small transverse beam diameter of
5 mm [5] was verified during the stepwise beam
commissioning of the HSI. The emittance measurement
device was implemented in a diagnostic test bench. For
120 keV/u, 750 keV/u and 1.4 MeV/u the beam is
transported to a measurement device in the gas stripper
region, another device is placed after the Alvarez. As an
example Fig. 5 shows the measured transverse emittance
for three different UNILAC energies. Fig. 6 summarises
the measured emittance data for an Ar1+ beam with 10
mA at RFQ injection and 6.5 mA at the HSI exit. The
Ar10+ current (after stripping and charge state analysis)
was 7 mA. The measurements agree fairly well with the
calculation, when a measuring error of about ±15 % is
taken into account. The partly large emittance values for
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emittance; 10 mA Ar1+ (2.2keV/u), 7 mA Ar10+ (1.4
MeV/u, after stripping and 11.4 MeV/u).
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5 EXAMPLES

5.1 Cooling diagnosis

An important application of Schottky diagnosis is the ob-
servation of beam cooling (electron cooling, stochastic
cooling, laser cooling). An instructive example is shown
in figure 5. It shows vertical Schottky spectra taken during
stochastic cooling of a uranium beam using a commercial
Tektronix 3066 spectrum analyzer. The signal was taken
directly from the stochastic cooling signal using a direc-
tional coupler.The lowest spectrum is displayed at the bot-
tom, the time between successive curves is 80 ms. Each
curve is an average of 250 non-overlapping single frames
taken during 320 s. The Fourier transform of each frame
yields a spectrum of 641 frequency points in a bandwidth
of 2 MHz. The sampling rate was 5 MHz with a resolution
of 12 bits. As the beam was not well centered with respect
to the pick-up,the longitudinal part of the spectrum is also
seen. Because of the longitudinal cooling, the width de-
creases, but the area remains stable because there was no
particle loss. The width of the vertical sidebands decreases
simultaneously, of course, but the area of the vertical side-
bands decreases, as well. This can be used for the diag-
nosis of vertical cooling. However, these curves have not
been published, because the stochastic cooling loop was
not opened for the measurement. The closed loop may lead
to signal suppression. This could be the reason why there
is a slight asymmetry in the upper spectra.

1.2987E+9 1.2997E+9 1.3007E+9

f [Hz]

Figure 5: Waterfall diagram of vertical Schottky spectra at
high harmonic taken during stochastic cooling of a uranium
beam ( fully stripped ions)

5.2 Nuclear Spectroscopy

An application to nuclear spectroscopy is displayed in fig-
ure 6. If there are different nuclear species stored in a ring
like the ESR at GSI, the frequencies of the centroids are
determined by their mass to charge ratio :

(18)

With electron cooled beams and good power supplies, ex-
tremely sharp Schottky spectra can be measured, which can
even be used to infer nuclear masses. The figure shows a
spectrum measured in a band of 300 Hz with a resonant
probe as discussed in section 3.4. The spectra were taken
at 3 kHz span, and 200 spectral averages were used in the
off-line analysis. The time between subsequent spectra is
96 s. Shown are secondary ions produced by shooting a
lead beam on a target at 800 MeV/u. The secondary ions
shown in the figure were measured at 400 MeV/u. The
most prominent line in the middle is due to fully stripped

Tl . This ion has an isomeric state with a half life in
the rest frame of 3.74 min, which is populated, as well. The
half life seen in the laboratory is longer due to Lorentz time
dilatation. The frequency difference seen between the two

Tl lines shows nicely how a difference in excitation
energy is turned into a difference in rest mass. The third
line on the right is due to the beta decay of Tl into

Pb . This is a so-called bound beta decay because the
decay electron is captured in the electronic K-shell of the
daughter nucleus. Time-resolved measurements as these
allow to infer decay rates. The measurement also shows a
small drift of the revolution frequency during the measure-
ment. It is of the order of and can be attribution to the
dipole magnet power supplies or the electron cooler volt-
age. A small spurious line on the low-frequency part of the
spectrum does not show this variation. The total number of
particles in the spectrum is less than 1000. Single ions have
been identified in Schottky spectra like these.

59478200 59478300 59478400 59478500

f [Hz]

206*Tl81+

206Tl81+
206Pb81+

δmc2 = 2643 keV δmc2 = 1640 keV

δf/f = 10-6

Figure 6: Spectra showing decay and decay products with
three nuclear species
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